Protein kinases are important mediators of signal transduction in eukaryotic cells, and identifying the substrates of these enzymes is essential for a complete understanding of most signaling networks. In this report, novel substrate-binding variants of the cAMP-dependent protein kinase (PKA) were used to identify substrate domains required for efficient phosphorylation in vivo. Most wild-type protein kinases, including PKA, interact only transiently with their substrates. The substrate domains identified were distal to the sites of phosphorylation and were found to interact with a C-terminal region of PKA that was itself removed from the active site. Only a small set of PKA alterations resulted in a stable association with substrates, and the identified residues were clustered together within the hydrophobic core of this enzyme. Interestingly, these residues stretched from the active site of the enzyme to the C-terminal substrate-binding domain identified here. This spatial organization is conserved among the entire eukaryotic protein kinase family, and alteration of these residues in a second, unrelated protein kinase also resulted in a stable association with substrates. In all, this study identified distal sites in PKA substrates that are important for recognition by this enzyme and suggests that the interaction of these domains with PKA might influence specific aspects of substrate binding and/or release. P ROTEIN kinases are key mediators of signal transduction in all eukaryotic cells. Each protein kinase modifies a distinct set of substrates, and the biological consequences of activating any kinase are the result of the collective actions of these target proteins (Hunter 2000; . The ability to identify substrates is therefore essential for a complete understanding of most signaling pathways. Unfortunately, this identification process tends to be difficult, and few physiologically relevant targets are known for most protein kinases (Manning and Cantley 2002; Johnson and Hunter 2005) . This situation may be changing as a number of innovative approaches to this problem have been developed in recent years (reviewed in Ptacek and Snyder 2006; Deminoff and Herman 2007; Ubersax and Ferrell 2007) .
P
ROTEIN kinases are key mediators of signal transduction in all eukaryotic cells. Each protein kinase modifies a distinct set of substrates, and the biological consequences of activating any kinase are the result of the collective actions of these target proteins (Hunter 2000; . The ability to identify substrates is therefore essential for a complete understanding of most signaling pathways. Unfortunately, this identification process tends to be difficult, and few physiologically relevant targets are known for most protein kinases (Manning and Cantley 2002; Johnson and Hunter 2005) . This situation may be changing as a number of innovative approaches to this problem have been developed in recent years (reviewed in Ptacek and Snyder 2006; Deminoff and Herman 2007; Ubersax and Ferrell 2007) .
This article is focused on the cAMP-dependent protein kinase (PKA) from the budding yeast, Saccharomyces cerevisiae. The PKA enzyme is found in all eukaryotes and is one of the most intensely studied members of this protein family (Taylor et al. 2005) . PKA was the first protein kinase structure to be described, and its structure has provided essential insights into the general organization and catalytic mechanism of these enzymes (Knighton et al. 1991; Smith et al. 1999) . Subsequent work has illustrated the conserved nature of the protein kinase core and the different ways that the activity of these enzymes can be regulated (Hunter 2000; Huse and Kuriyan 2002; Kannan and Neuwald 2005) . In S. cerevisiae, PKA activity is a key regulator of cell growth and the response to environmental stress (Toda et al. 1985; Thevelein and De Winde 1999; Herman 2002; Schneper et al. 2004) . We are interested in understanding the role of PKA in these processes and have identified a number of substrates for this enzyme (Howard et al. 2003; Chang et al. 2004; Budovskaya et al. 2005; Deminoff et al. 2006) . One of the approaches used for this identification took advantage of PKA variants that exhibit a stable binding to substrate proteins (Deminoff et al. 2006 ). This binding is novel as most wild-type protein kinases, including PKA, interact only transiently with their substrates (Manning and Cantley 2002) . Interestingly, one of these PKA variants was altered at a residue that is conserved in all protein kinases, suggesting that it might be possible to generate substratebinding versions of other enzymes in this family.
These variants of PKA were used here to explore the nature of the protein kinase-substrate interaction. These studies identified substrate domains distal to the sites of phosphorylation that were required for efficient recognition by the wild-type PKA, both in vitro and in vivo. These substrate domains were found to 1 interact with a C-terminal region of PKA that is itself removed from the active site of the enzyme. A systematic mutagenesis of PKA identified additional residues that, when altered, resulted in a stable association with substrates. These latter residues are in close proximity in the three-dimensional structure and may link the active site with this C-terminal substrate-binding domain of PKA. Finally, we show that similar alterations within a second protein kinase, the mammalian doublestranded RNA-dependent protein kinase (PKR), also led to an increased affinity for substrates. In all, the data suggest that the interactions described here may be generally important for protein kinase function and models that explain potential roles for these substrate domains are discussed.
MATERIALS AND METHODS
Yeast strains, plasmids, and growth conditions: The yeast strains PJ69-4A, PHY1025, and PHY1220 have been described ( James et al. 1996; Herman and Rine 1997; Chang et al. 2004) . The plasmid vectors used for the copper-inducible expression of the epitope-tagged versions of Tpk1 and the substrate proteins were described previously (Deminoff et al. 2006) . For these TPK1 expression vectors, Tpk1 is tagged at its N terminus with three copies of the HA epitope. Within the context of this HA-tagged construct, site-directed mutagenesis was used to introduce the T241A alteration for this study. The TPK1-C70 construct, pPHY3062, is based on these HA-tagged expression plasmids except that a GST tag was also introduced between the HA and TPK1 sequences. This same vector was used for copper-inducible expression of a negative control HA-GST protein. Unless otherwise noted, the Cdc25 and Yak1 substrate proteins comprised residues 51-338 and 193-362, respectively. These proteins, as well as the full-length Bcy1 protein, were tagged with six copies of the myc epitope at their N terminus (Deminoff et al. 2006) . Protein A-tagged Cdc25 (codons 51-338; pPHY2017) was expressed in PHY1025 cells as a TDH3-driven construct with two copies of the Protein A sequences fused at the N terminus. A variant of this CDC25 construct, called Cdc25-R4A, encodes a product in which both arginine residues in each of the two PKA sites were changed to alanines (Cdc25 residues 148, 149, 171, and 172; pPHY2362). These proteins were extracted from log-phase yeast cell cultures, precipitated with IgG-Sepharose, and used as substrates for PKA phosphorylation in vitro. The quadruple R4A variant was also expressed as a Gal4 DNA-binding domain fusion protein for two-hybrid analysis (pPHY1962).
The PKR open-reading frame was PCR amplified from a human cDNA (Open Biosystems) and cloned into the pGADT7 two-hybrid vector (Clontech). Site-directed mutageneses were performed to generate the K296R, H412N, and R526A alleles. The mutagenized alleles were cloned into the expression vector pPHY3170 for the immunoprecipitation experiments. In this vector, the resulting products are under the control of the CUP1 promoter and have GST at their N terminus. The S. cerevisiae eIF2a fragment (codons 2-175) was PCR amplified from yeast genomic DNA and cloned into the two-hybrid vector pGBKT7 (Clontech). This fragment is precisely the one used to obtain the co-crystal with PKR (Dar et al. 2005) . This eIF2a clone was subsequently inserted downstream of the CUP1 promoter and a myc 6 epitope in pRS423.
Two-hybrid assays: All of the two-hybrid binding assays were performed using PJ69-4A cells. The Tpk1 or substrate proteins were expressed as N-terminal fusion proteins using pGADT7 or pGBKT7, encoding the Gal4 activation or DNA-binding domains, respectively. In either case, PCR amplification was done using primers that allowed for insertion of these sequences in-frame into the respective two-hybrid vector. These primers also introduced termination codons at the 39-ends of each of these fragments. Cells expressing the appropriate constructs were collected from mid-log phase cultures and diluted with water. Assays were performed by spotting 5 ml of cells at an initial concentration of 5 OD 600 cell equivalents/ml, and serial 10-fold dilutions thereafter, onto the appropriate selective media and incubating at 30°for 2 days. For the Tpk1 assays, binding was indicated by cell growth on minimal media lacking adenine ( James et al. 1996) . For the PKR-binding assays, growth was assessed on media lacking histidine. In all cases, the kinase and substrate constructs were tested against the appropriate vector controls. For the Tpk1 variants, the indicated alterations were all introduced into the Tpk1 K116A background to avoid the toxicity associated with elevated levels of PKA activity in S. cerevisiae (Deminoff et al. 2006) . The introduction of this K116A alteration into either Tpk1 KH or Tpk1 R324A had no effect on the observed substrate binding of these variants (data not shown). Western blots were performed in all cases to ensure that similar levels of the substrates and enzyme were present.
Immunoprecipitation assays: Yeast cells expressing candidate binding partners were grown to mid-log phase at 30°. CuSO 4 was added to a concentration of 100 mm, and the incubation was continued for 2 hr. Typically, 100 OD 600 cell equivalents were collected by centrifugation, resuspended in 0.5 ml of IP buffer [0.02 m Tris, pH 7.5, 1 mm EDTA, 10 mm MgCl 2 , 5% glycerol, 0.3 m (NH 4 ) 2 SO 4 , 1 mm PMSF], and lysed by agitation with glass beads. The cell extract was diluted twofold into this buffer, and NP-40 (to 0.5%) and the appropriate antibody were added and incubated with the extract for 2 hr at 4°. Protein A-Sepharose was then added, and the slurry was incubated for another 2 hr at 4°with mixing. Where noted, an anti-HA affinity resin (Sigma) was used for precipitation of HA-tagged proteins. The beads were washed six times with 1 ml of IP-wash buffer (0.024 m Tris, pH 7.5, 1 mm EDTA, 10 mm MgCl 2 , 5% glycerol, 0.3 m ammonium sulfate, 15 mm NaCl, 1 mm PMSF, 0.5% NP-40, 0.0375% sodium deoxycholate, and 0.075% Triton X-100), and the precipitated proteins were detected by Western blotting as described (Deminoff et al. 2006) .
Tpk1 was also isolated in vitro by eluting it with cAMP from an immune complex containing Bcy1 (see below). The ability of this Tpk1 protein to associate with Yak1 was assessed as follows. A sample of the Tpk1 eluate was added to 50 ml of extract prepared from yeast cells that expressed the appropriate copper-inducible Yak1 constructs. These mixtures were incubated at 30°for 2 hr and then diluted into 1 ml of IP buffer plus 0.5% NP-40. Anti-myc antibody was added and the Yak1 proteins were immunoprecipitated. Washes, elution, and analysis by Western blotting were then performed as described above.
For the PKR immunoprecipitation assays, the cells expressing the PKR constructs were resuspended in lysis buffer (25 mm Tris-HCl, pH 7.4, 140 mm NaCl, 0.1% Tween-20, 1 mm PMSF) and lysed by agitation with glass beads. The anti-GST antibody was added to the clarified cell extracts, and the PKR immunoprecipitates were collected on Protein A-Sepharose beads. The beads were washed three times with wash buffer (25 mm Tris-HCl, pH 7.4, 500 mm NaCl, 0.1% Tween-20, 1 mm PMSF) and then incubated for 2 hr at 4°with cell extracts of the yeast strain expressing eIF2a. The beads were then washed three times with wash buffer and resuspended in SDS-urea sample buffer, and the eluted proteins were separated by SDS-polyacrylamide electrophoresis. The eIF2a present was detected by Western blotting with an anti-myc antibody. For the Bcy1-binding experiments, the immunoprecipitations were performed as described above for PKR.
PKA phosphorylation assays: The in vitro kinase assays were performed as described with [g- 32 P]ATP and either Tpk1 or 0.02 units of the bovine PKA catalytic subunit (bPKA; Sigma) (Budovskaya et al. 2005; Deminoff et al. 2006) . The Tpk1 protein was prepared as follows. PHY1025 cells expressing inducible Bcy1 and Tpk1 constructs were grown to mid-log phase at 30°, and CuSO 4 was added to a final concentration of 100 mm. The incubation was continued for 2 hr, and 100 OD 600 cell equivalents were collected by centrifugation and broken by agitation with glass beads. The myc-tagged Bcy1 protein was immunoprecipitated from the resulting extracts using an antimyc antibody and Protein A-Sepharose. The washed beads were then incubated in 50 ml of phosphorylation buffer plus 1 mm cAMP to elute the catalytic subunit (Deminoff et al. 2006) . A 5-ml aliquot of this eluate was used in a 100-ml kinase reaction. The activity of this 5-ml aliquot toward the peptide substrate, Kemptide, was similar to that observed with 0.02 units of bPKA (Sigma). The Cdc25 or Yak1 protein substrates were added as immunoprecipitates bound to Protein ASepharose, and the reaction was allowed to proceed at room temperature for 30 min. The substrate proteins were eluted from the beads and separated by SDS-polyacrylamide gel electrophoresis. The degree of phosphorylation was assessed either by autoradiography or by a phosphorimager analysis. The amount of substrate protein was assessed by Western blotting. For the in vitro analysis of Yak1 phosphorylation using the anti-PKA substrate antibody, the reaction buffer contained 3 mm ATP and 0.02 units of the bPKA.
The Tpk1 or Tpk1 D264A phosphorylation of the Kemptide peptide was assessed as described previously with the following modifications (Gibbs and Zoller 1991) . Strains containing copper-inducible Bcy1 and Tpk1 constructs were grown, and expression was induced as described above. A small volume of the extract from this culture (0.27 OD 600 equivalents) was used in a 100-ml reaction that contained 200 mm Kemptide, 400 mm ATP, 1 mm cAMP, 10 mm MgCl 2 , 4.5 mm DTT, and 10 mCi [g-32 P]ATP (Gibbs and Zoller 1991; Deminoff et al. 2006) . The reaction was allowed to proceed at room temperature for 30 min. A 5-ml aliqot of the reaction was then removed and spotted onto Whatman P81 filters. The filters were washed four times for 5 min each in 75 mm phosphoric acid, dried, and subjected to scintillation counting. A strain expressing the kinase-dead Tpk1 K116A variant served as a negative control for this experiment.
To monitor PKA phosphorylation in vivo, substrate proteins were precipitated as described above, except that NP-40 was omitted from the IP buffer and phosphatase inhibitors were present throughout. The level of PKA phosphorylation was assessed by Western blotting with the anti-PKA phosphosubstrate antibody (Cell Signaling) as described (Chang et al. 2004; Deminoff et al. 2006) . The signal observed with this antibody was lost upon phosphatase treatment and was restored by the subsequent phosphorylation of the substrate by PKA in vitro (Chang et al. 2004; Searle et al. 2004; Deminoff et al. 2006) . Recognition by this antibody was also dependent upon the presence of the PKA phosphorylation sites in Cdc25 (data not shown).
Tpk1 phosphorylation at position T241 within the activation loop was assessed by Western blotting with an antibody specific for the phosphorylated form of T197 in the mammalian PKA enzyme (Cell Signaling). This antibody cross-reacts specifically with the phosphorylated form of T241 in Tpk1. For these analyses, the relevant Tpk1 proteins were immunoprecipitated as described above and separated by SDS-polyacrylamide gel electrophoresis, and the phosphorylation level within the activation loop was assessed by Western blotting with this phosphospecific antibody.
RESULTS
Identification of substrate sequences important for recognition by PKA: Our previous work identified two variants of the S. cerevisiae PKA isoform Tpk1 that exhibit a greater affinity for substrates than the wild-type protein (Deminoff et al. 2006) . Tpk1
R324A has an alanine residue substituting for an invariant arginine at position 324, and Tpk1 KH has alanine residues replacing Lys-336 and His-338. These positions correspond to R280, K292, and H294 in mammalian PKA enzymes, respectively. A two-hybrid assay was used here to map sequences in two substrates, Yak1 and Cdc25, that were required for the interaction with Tpk1
KH . Yak1 is a protein kinase important for the control of S. cerevisiae growth and Cdc25 is the guanine nucleotide exchange factor for the Ras proteins (Broek et al. 1987; Garrett et al. 1991) . This analysis identified 51 and 27 amino acid segments of Yak1 and Cdc25, respectively, that were necessary and sufficient for the interaction with Tpk1 KH (Figure 1 , A and B; Figure 2 , A and B). Epitope-tagged versions of these substrate domains were also detected in immunoprecipitates with the Tpk1 KH variant ( Figure 1C ; Figure  2C ). These Tpk1-recognition sites in Yak1 and Cdc25 will be referred to as RS-Y and RS-C, respectively, in this report. These RS fragments did not contain any PKA consensus sites and neither was phosphorylated by PKA in vitro ( Figure 1A and Figure 2A ). In addition, a nonphosphorylatable form of Cdc25 interacted with Tpk1 KH as well as with the wild-type substrate ( Figure  2D ). Therefore, the presence of a functional PKA site was not needed for the observed binding to the Tpk1 variants described here.
To test whether the identified RS domains were important for recognition by the wild-type Tpk1, we constructed versions of Yak1 and Cdc25 that lacked these sequence elements. We found that the in vitro phosphorylation signal for both substrates decreased by three-to fourfold when the respective RS domain was deleted (Figure 1, D and E; Figure 2E ). A similar decrease in phosphorylation was observed for reactions containing either Tpk1 or bPKA, indicating that the effects were not specific for the S. cerevisiae enzyme. Removal of the RS domains also resulted in a significant decrease in the in vivo phosphorylation level of both Yak1 and Cdc25 ( Figure 1F ; Figure 2F ). For this latter assay, the substrate proteins were precipitated from yeast cell extracts, and the level of PKA phosphorylation was assessed by Western blotting with an anti-PKA substrate antibody. This antibody has been shown to specifically recognize the phosphorylated forms of a number of PKA substrates (Chang et al. 2004; Searle et al. 2004; Deminoff et al. 2006) . We found that the recognition of Cdc25 and Yak1 by this antibody was lost upon phosphatase treatment and was restored by the subsequent incubation of these dephosphorylated substrates with PKA and ATP (data not shown). In all, the data suggested that PKA substrates might generally contain sequences distal from the sites of phosphorylation that are needed for efficient recognition by the wild-type enzyme.
A C-terminal fragment of Tpk1 was sufficient for binding to the substrate RS domains: To identify kinase domains that may mediate the above interactions with substrates, we tested whether various fragments of Tpk1 would associate with Cdc25 and Yak1. We subdivided this enzyme into non-overlapping 70-amino-acid fragments that covered the majority of the protein and assessed substrate binding with a two-hybrid assay. These studies identified a C-terminal fragment of Tpk1 that was sufficient for interaction with both Cdc25 and Yak1 ( Figure 3A ). This Tpk1-C70 fragment included residues from 285 to 354. Substrate binding was specific to this region of Tpk1 because other domains of this enzyme did not interact with either Cdc25 or Yak1 ( Figure 3A ; data not shown). Moreover, this Tpk1-C70 fragment did not exhibit an interaction with any protein examined that was not a substrate for PKA ( Figure 3B ). Finally, a deletion analysis identified a minimal 33-residue fragment from position 298 to 330, which was capable of interacting with Yak1 ( Figure 3, C and D) .
These substrate interactions with Tpk1-C70 were found to require the presence of the RS domains identified here. For example, the loss of the RS-C domain resulted in a significant decrease in the amount of Cdc25 associated with Tpk1-C70 ( Figure 4A) . Moreover, we found that the Tpk1-C70 fragment specifically interacted with the isolated RS-C and RS-Y domains in both two-hybrid and co-immunoprecipitation assays (Figure 4, B-D) . In all, the data suggested that the RS domains within Cdc25 and Yak1 interact, directly or indirectly, with particular sequences near the C terminus of Tpk1.
Alteration of residues within the hydrophobic core of PKA resulted in an increased binding to substrates: A systematic mutagenesis of TPK1 was carried out to identify additional residues that, when altered, would result in a stable interaction with Cdc25. For this analysis, the most conserved residues in each of the 11 protein kinase subdomains in the catalytic core of Tpk1 were altered (Hanks and Hunter 1995) . We found that only particular changes in the C-terminal half of the enzyme resulted in an increased binding to Cdc25 ( Figure 5, A-C) . The newly identified Tpk1 residues were E252, W266, D264, and Y208. (These positions The band marked with the asterisk is the heavy chain of the antibody used for the immunoprecipitation, and the dotted oval indicates the position of the Yak1-DRS fragment.
correspond to E208, W222, D220, and H164 in mammalian PKA enzymes, respectively.) These residues are all very close to each other in three-dimensional space and, together with R324, span the interior of the enzyme from the active site (via Y208 in the catalytic loop) to the potential RS domain-binding site at the base of the Cterminal lobe (the pink region in Figure 5D ). Two of these residues, E252 and D264, correspond to positions that are invariant in protein kinases and the others, W266 and Y208, to positions that are conserved to a lesser degree. The glutamate corresponding to position 252 forms a buried ion pair with the invariant arginine (R324 in Tpk1) in all available protein kinase structures (Kannan et al. 2007a ). These residues, in turn, pack up against W266 in the F-helix, and D264 in the F-helix interacts with residues in the conserved H/Y 208 -R-D motif present in the catalytic loop (see Figure 5D ) (Smith et al. 1999) . Interestingly, a recent comparative analysis of protein kinase structures has indicated that this link between the invariant arginine (R324 in Tpk1) and the active site is conserved throughout this enzyme family (Kannan et al. 2007b) . Moreover, the authors of this study suggested that the residues identified here might constitute an internal network that is generally important for coupling the substrate-and ATP-binding portions of the kinase molecule.
The absence of the regulatory subunit was not sufficient for substrate binding by the wild-type Tpk1: PKA enzymes are inhibited by a regulatory (R) subunit that binds to the catalytic subunit within the active site and at several distal positions (Kim et al. 2007; Wu et al. 2007) . One of these latter sites is near, or coincident with, the potential C-terminal substrate-binding domain identified here (site 4 in Kim et al. 2007; Wu et al. 2007 ). In addition, we found that several of the Tpk1 variants that exhibited an elevated association with substrates had a diminished capacity to bind to the S. cerevisiae R subunit, Bcy1 ( Figure 6A ). Therefore, it was formally possible that a competition existed between substrates and the R subunit for binding to this C-terminal domain of Tpk1. In the simplest model, the absence of Bcy1 would result in increased substrate binding to the wildtype Tpk1. To test this possibility, we assessed the interaction between Tpk1 and Yak1 in a strain lacking Bcy1 and found that there was no increase in substrate binding ( Figure 6B ). We also tested this model with a Tpk1 variant, Tpk1
T241A , that fails to interact normally with Bcy1 (Levin et al. 1988; Levin and Zoller 1990) . Thr-241 is in the activation loop of Tpk1, and phos- phorylation at this position is needed for full enzymatic activity (Levin and Zoller 1990) . Consistent with the above results with the bcy1D strain, we found that this Tpk1 T241A variant did not exhibit any significant binding to Yak1 ( Figure 6C ). In all, these data indicated that a failure to bind to the R subunit does not a priori result in an increased association with substrates. It is important to note that these data are consistent with our previous immunoprecipitation studies that were performed with strains expressing relatively high levels of Tpk1 (Deminoff et al. 2006) . The endogenous levels of Bcy1 were much lower in these cells, and most of the Tpk1 was presumably free and not complexed with the R subunit.
The Yak1 RS domain was required for interactions with the wild-type Tpk1: Although the binding is weaker than that observed with specific variants, there is a measurable interaction between substrates and the wild-type Tpk1 ( Figure 7A ) (Deminoff et al. 2006) . In addition, one of the substrate-binding variants described above, Tpk1 D264A , has been shown previously to exhibit near wild-type kinase activity in vitro (Gibbs and Zoller 1991 ). Here, we tested whether the RS domains were also required for substrate interactions with these two enzymatically active forms of Tpk1. We first confirmed that Tpk1 D264A possessed near-normal catalytic activity and further showed that this variant exhibited a normal interaction with Bcy1 and wild-type levels of phosphorylation within the activation loop (Figure 7 , B and C; data not shown). Subsequent work showed that the interactions between Yak1 and both Tpk1 and Tpk1 D264A were dependent upon the presence of the RS-Y domain (Figure 7, A and D) . Therefore, the RS domains in substrates were required for binding to the wild-type Tpk1, as well as to the inactive variants discussed above.
Similar alterations in a second protein kinase, PKR, resulted in an increased binding to substrates: Most of the alterations that resulted in the increased substrate binding observed here occurred at positions that are very highly conserved among protein kinases. For example, an arginine is found in all protein kinases at a position that corresponds to R324 in Tpk1. This and Yak1 interacted specifically with the C70 fragment of Tpk1. Substrate binding to the indicated fragments of Tpk1 was assessed with a two-hybrid assay. The constructs contain the indicated residues of Tpk1; Tpk1-C70 includes residues 285-354. ''2x'' indicates that twice as many cells were used in the initial inoculum. (B) The Tpk1-C70 fragment did not exhibit an interaction with proteins that were not substrates of PKA. The relative interactions between Tpk1-C70 and the indicated proteins were assessed with a two-hybrid assay. Bur1, Ctk1, and Kin28 were not substrates for PKA in an in vitro assay (data not shown). Yak1 was used as a positive control, and the empty vector (À) was the negative control. (C) Mapping the Tpk1 domain sufficient for the interaction with Yak1. The relative binding to Yak1 with the indicated fragments of Tpk1 was assessed in a two-hybrid assay. The endpoints of each fragment along with the positions of residues R324, K336, and H338 are provided. The relative positions of the G, H, I, and J a-helices are indicated by the lavender shading. Note that it is not clear whether the helical nature of these regions is retained within the isolated fragments. (D) A schematic of Tpk1 is shown. The positions of the F, G, and H a-helices are indicated. The image was generated with the ProteinWorkshop program using the PDB file, 1FOT, for Tpk1 (Mashhoon et al. 2001; Moreland et al. 2005). conservation suggests that this residue performs an important function for protein kinases and that alterations at this position might have a similar effect in other enzymes of this family. Therefore, we tested whether altering this position in an unrelated protein kinase would also influence substrate interactions. For these experiments, we worked with the mammalian RNA-dependent protein kinase, PKR, an enzyme that plays an important role in translational control in response to viral infection (Sadler and Williams 2007) . We chose PKR because this enzyme was previously crystallized in a complex with its primary substrate, the translation initiation factor eIF2a (Dar et al. 2005) . These previous studies showed that eIF2a contacted a C-terminal region of PKR that is near the Tpk1 domain described here.
We found that an alanine substitution for the arginine at position R526 in PKR resulted in a stable interaction with eIF2a ( Figure 8, A and B) . In contrast, alteration of a critical lysine in the PKR active site, K296 (K116 in Tpk1), did not lead to increased binding to eIF2a (Figure 8) . These results therefore mirrored those obtained with Tpk1 and showed that the substratebinding phenotype described here was not unique to PKA enzymes. The final point concerns the complex formed between PKR and eIF2a in the previous crystallization studies. To obtain this complex, the authors used a PKR enzyme that had several alterations, including H412N (Dar et al. 2005) . This residue corresponds to Y208 in Tpk1 and is one of the residues that resulted in an increased affinity for substrates when altered (see Figure 5) . We therefore examined the PKR H412N variant and found that it also interacted stably with eIF2a. Thus, two different protein kinases have been altered in similar ways to give rise to an elevated affinity for substrates.
DISCUSSION
Protein kinases are able to recognize their appropriate targets in a complex milieu of cellular protein. This process must be carried out with high fidelity to ensure proper signal transduction in eukaryotic cells (Hunter 2000) . In this study, we attempted to obtain insight into this recognition by examining PKA variants that exhibit a stable association with substrates. This binding provided a facile assay that allowed us to identify domains in both enzyme and substrates that were important for PKA phosphorylation. The substrate domains identified were physically removed from the sites of phosphorylation and were required for efficient recognition by PKA both in vivo and in vitro. To the best of our knowledge, these studies are the first to show that such distal sequence elements in substrates are required for phosphorylation by PKA. These observations may help explain why only a fraction of proteins that contain a PKA consensus site are phosphorylated by this enzyme in vivo (Budovskaya et al. 2005) . The proteins that fail to be recognized may lack these secondary recognition sites, a possibility that will need to be tested by further experimentation.
Our data suggest that these RS domains interact, perhaps directly, with particular sequences in the Cterminal lobe of the catalytic subunit of PKA. This domain is removed from the active site and is similar to the region in PKR that has been shown to mediate the association with its primary substrate, eIF2a (Dar et al. 2005) . The relevant question here is how do these RS domains influence substrate phosphorylation by PKA? One possibility is that these domains might act as traditional docking sites, such as those described for substrates of particular MAP kinases (Bardwell et al. 1996; Kallunki et al. 1996) . These latter sites are generally thought to function by tethering substrates near the appropriate enzyme (Bardwell 2006; Remenyi et al. 2006; Shi et al. 2006 ). However, it should be pointed out that the RS domains described here appear to bind rather weakly to the wild-type PKA. Nonetheless, the presence of one or more of these weaker interaction motifs in substrates might be enough to facilitate their recognition by PKA in vivo.
An alternative possibility may be suggested by the identity of the Tpk1 residues that resulted in an increased binding to substrates when altered. These residues spanned the interior of the enzyme and could link the active site to the potential RS-binding domain at the C terminus. Therefore, it is possible that interactions at one of these sites could influence events occurring at the other. For example, substrate binding at the C terminus might stimulate catalysis within the active site, perhaps by stabilizing the formation of a previously identified structure known as the regulatory, or R, spine (Kornev et al. 2006) . This structure appears to be needed for protein kinase activation and includes the Y208 position identified here (Azam et al. 2008; Kornev et al. 2008) . Evidence for such long-range communication between the active site and C-terminal regions has been reported for a number of protein kinases (Hoofnagle et al. 2001; Hamuro et al. 2002; Lee et al. 2004; Anand et al. 2007) . In addition, an allosteric role has been proposed for docking sites found in substrates for other protein kinases (Biondi et al. 2000; Frodin et al. 2000; Bhattacharyya et al. 2006; Shi et al. 2006; Zhou et al. 2006; Goldsmith et al. 2007) . Determining which of these possibilities might be relevant to PKA will clearly require additional work. In particular, it will be important to interrogate the dynamics of the The relative binding to Cdc25 for representative alterations from the different regions of PKA is shown. Each of the indicated residues was changed to an alanine, and the binding was assessed with a two-hybrid assay. (B and C) Representative two-hybrid binding data for a subset of the Tpk1 alterations. In B, equal numbers of cells were spotted in the left-most column, and 10-fold serial dilutions were spotted thereafter. The growth on the minimal medium lacking adenine (''Selection'') is an indicator of the relative binding between the indicated Tpk1 variants and Cdc25. In C, the two-hybrid assay was performed with the indicated Tpk1 variants and either Cdc25 or an empty vector control. (D) The residues identified by the elevated substrate-binding phenotype were clustered within the hydrophobic core of Tpk1. A three-dimensional surface view of the Tpk1 enzyme is shown on the left. The five residues that gave rise to an increased affinity for Cdc25 when altered are shown as space-filling spheres. An expanded view of these latter residues is shown in the inset. The pink color indicates the surface-exposed regions of the minimal Tpk1 fragment that was capable of binding to Cdc25 (residues 298-330; see Figure 3C ). The images were generated with PyMOL using the PDB file for Tpk1 (1FOT) (Mashhoon et al. 2001). enzyme and to determine how, for example, the interaction with the RS domains might influence other regions of the enzyme. These studies might therefore provide insight into why the PKA alterations described here influence interactions occurring at the surface of the enzyme.
Several observations suggest that the results reported here for PKA are likely to be relevant for other enzymes in this family. First, the Tpk1 residues that gave rise to the increased substrate binding when altered are highly conserved, if not invariant, in eukaryotic protein kinases (Hanks and Hunter 1995) . Moreover, these residues may provide a means to generally link the active site to more C-terminal domains of the kinase molecule (Kannan et al. 2007b; Kornev et al. 2008) . Second, we found that the alteration of these same residues in an unrelated protein kinase, the mammalian PKR, also led to a stable association with substrates. Therefore, it is possible that changes at these positions could provide a general approach to protein kinase substrate identification. Finally, a recent study identified the positions corresponding to E252, W266, and R324 in Tpk1 as residues in protein kinases that are hotspots for singlenucleotide polymorphisms associated with human diseases (Torkamani et al. 2008) . In all, we feel that a continued analysis of these substrate-binding variants of Tpk1 is likely to provide insights into the mechanisms governing substrate recognition in this enzyme family. . The indicated Yak1 constructs were precipitated from yeast cell extracts, and the amount of associated Tpk1 was assessed by Western blotting. The band marked by an asterisk is the heavy chain of the antibody used in the immunoprecipitation. A longer exposure of the wild-type Tpk1 lanes is shown below the Input controls. (B) The Tpk1 D264A variant exhibited a normal interaction with Bcy1. The Bcy1 protein was immunoprecipitated from yeast cell extracts, and the amount of associated Tpk1 was detected by Western blotting. The right lanes for both the wild-type and Tpk1 D264A strains show the immunoprecipitation results for extracts lacking Bcy1. (C) Tpk1 D264A was phosphorylated normally at position T241 within the activation loop. The indicated Tpk1 proteins were precipitated, and the extent of phosphorylation in the activation loop was assessed by Western blotting with an antibody specific for the phosphorylated form of T241 as described in materials and methods. (D) The RS domain of Yak1 was required for interaction with the wild-type Tpk1. A myc-tagged Bcy1 was immunoprecipitated from a cell extract, and the associated Tpk1 was released by the addition of 1 mm cAMP. Equal aliquots of this partially purified Tpk1 were then added to extracts containing the indicated Yak1 proteins. The Yak1 was subsequently precipitated, and the amount of associated Tpk1 was assessed by Western blotting.
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